This study shows that the formation of macroporosity and overfill in the weld pool were the most pronounced problems during continuous wave Nd:yttrium-aluminum-garnet laser welding of AM60B die cast magnesium alloy. The influences of various welding parameters on the formation of porosity and overfill were investigated with particular emphasis on the mechanism and prevention of porosity formation. It was found that the macro pores in the weld pool were mainly formed by the expansion and coalescence of the preexisting pores in the base metal. The amount of macroporosity in the weld pool could be reduced to approximately that in the base metal by reducing heat input, i.e., by increasing welding speed and decreasing laser power. Increasing the beam defocusing did not reduce porosity in the weld metal until the beam was highly defocused and a shallow weld pool, characteristic of conduction mode welding was obtained. Overfill was observed for deep penetration autogenous welds and its formation could be attributed to porosity formation and the resulting displacement of the liquid metal over the top surface of the workpiece.
I. INTRODUCTION
Because of their low weight and high specific strength ͑tensile strength divided by specific gravity͒, magnesium alloys show particular promise for the construction of lightweight structures. Most magnesium alloys are used for parts that operate at high rotational speeds in order to minimize inertial forces. Current structural applications of magnesium alloys include industrial machinery, automotive components, and aerospace equipment. Although joining of these alloys are important for their use, very little work has been reported on the laser welding of these alloys. [1] [2] [3] [4] It is known that magnesium alloys are difficult to weld due to pore formation [1] [2] [3] and liquation cracking. 4 Liquid magnesium has a much larger solubility of hydrogen than solid magnesium. 5 Therefore, similar to aluminum alloys, hydrogen porosity is an important concern for the welding of magnesium alloys. [6] [7] [8] [9] [10] In addition, the imperfect collapse of the keyhole [11] [12] [13] [14] [15] [16] and turbulent flow in the weld pool 17 are possible causes of macroporosity formation in the weld metal during laser welding. Weisheit et al. 2 reported that die cast magnesium alloys were more prone to porosity formation than cast or wrought magnesium alloys. However, the mechanism of pore formation in die cast magnesium alloys is not well understood.
Previous work 15 on the laser welding of automotive aluminum alloys has shown that macroporosity in the welded joints could be controlled by appropriate selection of welding variables. Furthermore, a large window of operating parameters existed to achieve defect free, structurally sound, and reliable welds. Such information for laser welding of magnesium alloys is not generally available.
The goal of this research is to examine the influences of welding speed, laser power, and beam defocusing on the laser welding of AM60B die cast magnesium alloy. Its specific strength of about 122 MPa compares favorably with 103 MPa for aluminum alloy 5083 and about 45 MPa for low carbon steel. Excellent specific strength, good elongation, toughness and yield strength make this alloy an attractive candidate for numerous potential applications if the alloy can be welded satisfactorily. The results reported here focus on the porosity formation during laser welding with emphasis on understanding the mechanisms of pore formation. It is hoped that the results can serve as a basis for the reduction of porosity in the weld metal.
II. EXPERIMENT
Bead-on-plate autogenous welds were produced on 2-and 6-mm-thick plates of AM60B magnesium die cast alloy. The composition of an AM60B sample was determined by spectrochemical characterization and the results are presented in Table I . The sample dimensions were 28 mm wide, 150 mm long, and either 2.0 or 6.0 mm thick. Prior to welding, the samples were ground with 400 grit SiC paper and cleaned with acetone. Figure 1 schematically shows the experimental arrangement. The laser beam was delivered using a 600 m diameter fiber of fused silica to a f2 focus optics manipulated through a micropositioning stage mounted on a linear translation device. The focal length of the f2 optics for Nd:yttrium-aluminum-garnet ͑YAG͒ laser is 77.7 mm and the beam radius at the focal point is 300 m. The beam was provided at a 75°forward angle relative to the work-piece to prevent damage to the optics due to backreflection. An ancillary copper nozzle having a 8.0 mm inside diameter was utilized to provide shielding gas. This gas nozzle was directed opposite to the direction of travel at an angle of 30°w ith the work piece. During welding the work piece was placed horizontally on stainless steel backplate. There was a 5.0 mm ϫ 5.0 mm square groove between the work piece and back plate under the weld region. Both the work piece and the backplates were clamped on a working table. The welding was carried out by moving the laser beam. Helium was used as the shielding gas with a flow rate of 94 l/min.
Weld samples were produced using a Nd:YAG laser unit with a maximum output power of 3 kW. The welding speeds were in the range of 48-121 mm/s. Three sets of weld samples were prepared using nominal laser powers of 1.0, 1.5, and 3.0 kW. The actual output powers, measured using a LM500 Coherent Labmaster device, were 0.9, 1.55, and 2.52 kW for nominal powers of 1.0, 1.5, and 3.0 kW, respectively. The focal point position of the Nd:YAG laser, determined with the help of a He-Ne red diode focusing laser, was kept at the surface of the plate during welding. The focal length of the He-Ne laser was 0.104 in. ͑2.64 mm͒ shorter than that of the Nd:YAG laser. In order to position the focal point of the Nd:YAG laser on the top surface of the specimen, a plate of 0.104 in. thickness was placed on the specimen table and the elevation of the laser head was adjusted to focus the He-Ne laser on the stainless steel plate surface. Then the original specimen table surface without the stainless steel plate was taken as the focal point for the Nd:YAG laser.
An additional set of experiments was conducted to test the influence of defocusing on the geometry of the weld and pore formation, using nominal laser power of 1.5 kW and welding speed of 105.8 mm/s. During this set of experiments the focus of the laser beam was positioned at defocus values in the range of Ϫ3.5 to ϩ3.0 mm below ͑negative defocusing͒ and above ͑positive defocusing͒ the surface of the plates so that the laser power density varied in the range of approximately 9.6 ϫ 10 4 -5.3 ϫ 10 5 W/cm 2 as shown in Table II . Metallographic samples were prepared using cold resin mounting and consequently polished with SiC paper and alumina powders down to 0.05 m in size. Computer image analysis of the cross sections of the welds was performed using Image Pro® software to determine weld pool geometry and area percent and number density of pores in the weld pool. Some of the macrographs showing the weld pool geometry and macro pores were electronically enhanced to improve contrast. The microstructures in the weld metal were observed using optical microscopy and Vickers microhardness testing was conducted across the welds.
III. RESULTS AND DISCUSSION
A. Porosity
Influence of the welding speed and laser power
Figures 2͑a͒, 2͑b͒, and 2͑c͒ shows the cross sections of laser welds produced on 2-mm-thick plates with welding speeds in the range of 53 to 121 mm/s at nominal powers of 3, 1.5, and 1.0 kW, respectively. The data show that randomly distributed macroporosity was always present in the weld pool and the base metal. The area percent porosity in the weld metal of both 2-and 6 mm thick plates for various welding conditions is shown quantitatively in Fig. 3 . The average amounts of initial porosity in the base metals are also shown in this figure. It is observed that the amount of porosity decreased with the increase in welding speed. At low welding speeds, up to 40 area-percent porosity was present in the weld pool while at high welding speeds, the levels of porosity in the weld pools were comparable with those observed in the base metal. It is also observed in the figure that the decrease in laser power resulted in lower porosity in the weld pool. It will become apparent later in the article that the use of high welding speed and low laser power limited the time for pore growth and resulted in low level of porosity in the weld pool because of the high cooling rate during welding. However, the decrease in porosity at high welding speeds and low laser powers is accompanied by a concomitant reduction in the depth of penetration.
Influence of the beam defocusing
Figures 4͑a͒ and 4͑b͒ show the cross sections of welds produced at several defocus values in AM60B alloy of 2-and 6-mm-thick plates, respectively. The cross sections of the welds show that porosity was produced for all the defocusing conditions. The amount of porosity in the weld pool as a function of beam defocusing is shown in Figs. 5͑a͒ and 5͑b͒ for the 2-and 6-mm-thick plates, respectively. The initial porosity in the base metals is also shown in these two figures. It is observed that the amount of porosity in the weld pool does not change consistently with the change of beam defocusing. Therefore, porosity formation is less dependent on beam defocusing than on welding speed and laser power, i.e., the heat input which controls the cooling rate. It is also observed, comparing Figs. 5͑a͒ and 5͑b͒, that the porosity in the 2-mm-thick plates was less than that in the 6-mm-thick plates. This observation is consistent with the higher initial porosity in the 6 mm-thick plates than in the 2-mm-thick plates.
Mechanisms of porosity formation
The instability of the keyhole has been identified as one of the main causes of macroporosity during laser welding of many alloys. [11] [12] [13] [14] [15] [16] Matsunawa et al. 13 studied the behavior of the keyhole during laser welding of aluminum and steel. A high-speed x-ray photographic method was used to observe the keyhole. They found that the depth and shape of the keyhole fluctuated violently during welding. These fluctuations caused large bubbles to be intermittently formed at the bottom of the keyhole. From their experimental observations they concluded that the non-uniform vaporization at the keyhole wall caused the instability of the keyhole and consequently, the formation of macropores in the weld metal.
Pastor et al. 15 showed the effect of keyhole stability on macropore formation during laser welding of automotive aluminum alloys with different extent of beam defocusing. A comparison of the area percent porosity versus the extent of defocusing for laser welding of AM60B alloy with 5754 aluminum alloy 15 shows that the welding mode, i.e., keyhole or conduction mode, for AM60B is not well defined and the amount of macroporosity cannot be related to the mode of welding. In contrast, during laser welding of 5754 alloy, the macroporosity is low in both stable keyhole mode and conduction mode welding as shown in Fig. 6 . 15 In the range of welding variables for transition from conduction mode to keyhole mode, pronounced porosity is observed due to imperfect collapse of the keyhole. Therefore, in aluminum alloy 5754, macroporosity can be largely avoided by welding either in keyhole or in conduction mode of welding. However, macropores were constantly observed during laser welding of AM60B alloy, even when the penetration of the weld pool was very low characteristic of conduction mode welding. This indicates that the instability of the keyhole was not the main cause of porosity during laser welding of AM60B alloy.
Another possible cause of porosity in the weld metal is the preexisting porosity in the base metal.
1 The base metal used in this study is a die cast alloy that contains significant amount of macropores as shown in Fig. 7 . The average amounts of porosity were 3.5 and 6.0 area percent in 2-and 6-mm-thick plates, respectively. Figure 8 shows geometry of several pores in the fusion zone near the fusion line. Some of the pores in this figure are not fully developed and the figure shows the process of pore formation. It is observed that near the fusion boundary, channels connect the large pores in the weld metal with the small preexisting pores in the solid base metal. During heating the gas from these small pores can expand into the large pores. This phenomenon is observed Fig. 8͑a͒ which shows that an expanding pore near the center of the picture grows from an infusion of gas from small initial pores in the base metal. Figure 8͑b͒ shows that a large pore was formed from the coalescence of several initial pores. The large pore located near the top of Fig. 8͑c͒ indi- cates that it was growing from the expansion and coalescence of small pores. The elongated shape of this pore also indicates that the growth direction was from the fusion plane into the fusion zone. Figure 8͑d͒ shows that the large spherical pore of about 0.6 mm diameter was formed at the center of the picture from the expansion of initial pores in the base metal. Therefore, the expansion and coalescence of the preexisting pores were responsible for the formation of large pores in the weld metal.
The reason for the presence of porosity in the specimen can be traced back to the manufacturing of the die cast base metal. It is known that the solubility of hydrogen in liquid magnesium is much higher than in solid magnesium. 5 Upon solidification, the solubility of hydrogen in the metal reduces drastically and the extra hydrogen is rejected from the metal, resulting in the formation of hydrogen gas bubbles. During die casting, the liquid metal is rapidly squeezed into the mold by a high pressure of up to 140 MPa. 18 The surface of the die cast metal solidifies very quickly and most of the gas bubbles are entrapped inside the metal, resulting in the formation of initial pores. Due to the application of high pressure during die casting, the gas pressures in the initial pores can be higher than one atmosphere. When the metal is re-melted during welding, the gas in the pores expands to release the pressure and contributes to the formation of large pores in the weld pool. The expansion of initial pores results in higher total pore volume in the weld metal than that in the base metal as shown in Fig. 3 .
The time for heating and coalescence decreases with increasing cooling rate in the weld pool. Therefore, the extent of initial pore expansion and consequently, the net increase in pore volume in the weld pool decrease with increasing welding speed and decreasing laser power. This trend can be observed in Fig. 3 . Therefore, the use of high welding speed, low laser power, or any other measure to increase the cooling rate of the weld pool can control the expansion of the initial pores and minimize porosity formation in the weld pool.
The coalescence of the initial pores contributed to the increase in the average pore size but not to the net increase in the amount porosity in the weld pool. The coalescence process is expected to result in smaller number density of pores in the weld pool than in the base metal. As shown in Table  III , the number density of pores decreased from 224 mm Ϫ2 in the 2-mm-thick base metal to values in the range of 17-39 mm Ϫ2 in the weld pools. It is also observed in Table  III that the number density of pores in the weld pool increases with increasing welding speed and decreasing laser power. Both increase in welding speed and decrease in laser power increase the cooling rate and reduce the time for pore to coalesce, resulting in high number density of pores in the weld metal. Thus, the expansion and coalescence of the initial pores in the base metal were the main causes of macropore formation in the weld pool during laser welding of AM60B alloy. Elimination of the initial pores in the base metal is vital to obtain porosity free weldments.
B. Weld geometry
Overfill is the region of the weld metal located above the original surface of the base metal as shown in Fig. 9 . Figure  10 shows the area-percent of both overfill and porosity in the fusion zone produced at several welding speeds. It is observed that both area-percent overfill and area-percent porosity decrease with increasing welding speed. It is also found that the area-percent porosity is roughly equal to the areapercent overfill. On the other hand, when a weld does not contain a large amount of porosity, the upper surface of the weld has a smooth profile and no overfill is formed. This evidence indicates that overfill was caused by the displacement of liquid metal by the pores. Therefore, any measure that decreases porosity in the weld pool will reduce the overfill.
As shown in Fig. 9 , the weld pool depth and cross section area were measured without considering the overfill. The influences of welding speed and defocusing on the width, depth and cross-sectional area of the weld pool are shown in Figs. 11, 12, and 13, respectively. Each data point represents the average value of five measurements. As expected, the width, depth, and cross-sectional area of the weld pool decrease with increasing welding speed. It is observed that the weld pool geometry does not change significantly when the beam defocusing is in the range of Ϫ3 mm to ϩ3 mm, which corresponds to an average laser power density in the range of 1.2 ϫ 10 5 -5.3 ϫ 10 5 W/cm 2 . The deep penetration of these weld pool indicates that a keyhole was formed during the welding. When the beam defocus values are higher than ϩ3 mm or less than Ϫ3 mm, i.e., the laser power density is smaller than 1.2 ϫ 10 5 W/cm 2 , the weld pool depth reduces more significantly than the weld pool width, resulting in shallow weld pool shape that is characteristic of conduction mode of welding. Therefore, the threshold laser power density for keyhole formation for this alloy is about 1.2 ϫ 10 5 W/cm 2 . This is much smaller than that for laser welding of 5000 series automotive aluminum alloys where the threshold values were in the range of 3.7 ϫ10 5 -8.4 ϫ10 5 W/cm 2 . 15 This difference can be attributed to the much higher equilibrium vapor pressure of magnesium than that of aluminum. Figure 14 shows the typical microstructures of the fusion zone and the base metal near the fusion plane. Heat affected zone is very small in the welds, which is characteristic of high power density laser welding. It is observed that the microstructures in both fusion zone and base metal consist of cored grains of magnesium-rich solid solution ͑gray͒ surrounded by Mg 17 Al 12 ͑unetched͒ intermetallic compound at the grain boundaries. The volume fraction of Mg 17 Al 12 intermetallic phase in the fusion zone is somewhat higher than that in the base metal, caused by the nonequilibrium solidification during the welding. Porosity ͑black͒ is present in both the fusion zone and the base metal. More porosity is observed near the fusion plane than in the interior, indicating pronounced rejection of hydrogen along the solid-liquid interface.
C. Microstructure and hardness
The solid solution phase has equiaxed morphology in the base metal and the fusion zone of low-speed welds as shown in Figs. 15͑a͒ and 15͑b͒ , respectively. However, the morphology became dendritic in the fusion zone of 6-mm-thick plates at welding speeds higher than 74 mm/s as shown in Fig. 15͑c͒ . The grain size in the base metal is much larger than that in the fusion zone. The average grain size in the base metal was about 30 m while the average grain size in the fusion zone as a function of the welding speed is shown in Fig. 16 . It is observed that for the 2-mm-thick plates, the average grain size in the fusion zone decreases as the welding speed increases as expected. For the 6-mm-thick plates, the grain size in the fusion zone also decreases with increasing welding speed of up to 74 mm/s. However, when the welding speed is higher than 74 mm/s, the morphology changes from equiaxed to dendritic and therefore, the grain size cannot be measured in terms of grain diameter. It is also observed that the grain size in the fusion zone of the 6-mmthick plates is much smaller than that in the 2-mm-thick plates. The difference in grain size and grain morphology between these plates indicates that the cooling rate in the weld pool of 2-mm-thick plates was smaller than that of 6-mm-thick plates.
Vickers microhardness profile across the weld is shown in Fig. 17 . This figure depicts an average hardness of about 53 H V in the base metal and 63 H V in the fusion zone. The small grain size and high volume fraction of Mg 17 Al 12 intermetallic phase in the fusion zone are considered to be the main causes of hardening in the fusion zone. There is a narrow region in the base metal adjacent to the fusion line where the average hardness is lower than both the base metal and the fusion zone. The average hardness obtained from ten indentations in a region within 100 m from the fusion plane was about 47 H V. The low hardness is considered to be caused by the accumulation of pores in this region. As shown in Fig. 18 , low hardness values were obtained in regions of high porosity. Thus, the formation of porosity remains a major concern for the laser welding of AM60B alloy.
IV. CONCLUSIONS
This study shows a limited weldability of AM60B magnesium alloy due to the presence of initial pores in the base metal during laser welding. The major conclusions of this research are as follows:
͑1͒ Pronounced porosity in the fusion zone was observed under all the experimental conditions. The most dominant mechanism of porosity formation was expansion and coalescence of the initial pores in the base metal.
͑2͒ Extent of porosity in the weld pool could be lowered to approximately that of the base metal by decreasing heat input, i.e., by either increasing welding speed at constant power or reducing power level at constant welding speed. However, the depth of penetration was reduced at low heat input.
͑3͒ Initial pores in the base metal played a major role in the formation of macropores in the weld pool. It is essential to eliminate initial pores in order to obtain porosity free welds.
͑4͒ Significant overfill was caused by the formation macroporosity in autogenous deep penetration welds. The extent of overfill could be lowered by reducing heat input.
͑5͒The power density needed for the formation of keyhole in AM60B was significantly lower than that necessary for the welding of 5000 series automotive aluminum alloys. The reduction in the threshold power density resulted from relatively higher equilibrium vapor pressure of the magnesium alloy.
͑6͒ The microstructures of both the fusion zone and the base metal in the fusion consisted of a magnesium-rich solid solution and Mg 17 Al 12 intermetallic. The hardness in the fusion zone was somewhat higher than in the base metal. This is considered to be caused by the small grain size and high volume fraction of Mg 17 
